T he leukocyte common antigen CD45 is an abundant tyrosine phosphatase expressed on all leukocytes (1). The phosphatase activity of CD45 is essential for lymphocyte antigen receptor signal transduction. CD45 can also function as a Janus kinase phosphatase, negatively regulating cytokine receptor signaling (2). Both CD45 knockout mice (3, 4) and humans lacking CD45 expression (5, 6) are severely immunodeficient, with very few peripheral T lymphocytes and impaired T and B cell responses. These studies provide evidence for the crucial role of CD45 in the proper functioning of the immune system. Multiple CD45 isoforms can be generated by alternative splicing of exons 4 (A), 5 (B), and 6 (C) of the extracellular domain (7). CD45 alternative splicing is highly conserved between species and is tightly regulated. In humans, naive T cells express high-molecular-weight CD45 isoforms recognized by CD45RA mAbs. Activation of the cells results in a change of expression to low-molecular-weight isoforms detected by a CD45R0 mAb (8).
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he leukocyte common antigen CD45 is an abundant tyrosine phosphatase expressed on all leukocytes (1) . The phosphatase activity of CD45 is essential for lymphocyte antigen receptor signal transduction. CD45 can also function as a Janus kinase phosphatase, negatively regulating cytokine receptor signaling (2) . Both CD45 knockout mice (3, 4) and humans lacking CD45 expression (5, 6) are severely immunodeficient, with very few peripheral T lymphocytes and impaired T and B cell responses. These studies provide evidence for the crucial role of CD45 in the proper functioning of the immune system. Multiple CD45 isoforms can be generated by alternative splicing of exons 4 (A), 5 (B), and 6 (C) of the extracellular domain (7) . CD45 alternative splicing is highly conserved between species and is tightly regulated. In humans, naive T cells express high-molecular-weight CD45 isoforms recognized by CD45RA mAbs. Activation of the cells results in a change of expression to low-molecular-weight isoforms detected by a CD45R0 mAb (8) .
These two major subsets of T lymphocytes expressing CD45RA and CD45R0 have been termed naive and memory cells. A polymorphism (C77G) in exon 4 of CD45 causing abnormal CD45 splicing has been described in humans (9) . Activated or memory lymphocytes in these individuals continue to express both high-CD45RA and low-molecular-weight CD45R0 isoforms, in contrast to the normal pattern of lowmolecular-weight CD45R0 isoform expression. Recently, another point mutation in exon 4 of CD45 (C59A) causing aberrant splicing has been identified, but it appears to be relatively rare (10) .
The C77G polymorphism and abnormal CD45 splicing have been further linked to the development of multiple sclerosis in German (11) and Italian (12) patient cohorts, although other studies do not support such an association (13, 14) . We have shown an increased frequency of the C77G variant allele in HIV-1-infected individuals in the United Kingdom (15) . All of these observations suggest that abnormal CD45 splicing is associated with altered immunological function, autoimmunity, and viral infections.
Here we report a polymorphism in exon 6 A138G in the gene encoding CD45 with a very high prevalence in Japanese and Korean populations. We analyzed the expression of CD45 isoforms in peripheral blood mononuclear cells (PBMC) of individuals homozygous and heterozygous for the A138G variant. Our results show that T cells in individuals carrying the A138G allele display altered cell-surface CD45 isoform expression because of changes in alternative splicing. Analysis of exon 6 A138G and exon 4 C77G variants in different populations showed striking differences in the frequency and distribution of these mutations, suggesting effects of natural selection.
Materials and Methods
Materials. One hundred seventy-five Japanese genomic DNAs were collected from Osaka City University Medical School (Osaka), of which 49 were from patients with malignant gynecological cancer. PBMC were isolated by centrifugation on a Ficoll-Paque (Amersham Biosciences) density gradient and genomic DNA was extracted by using DNA blood Minikit (Qiagen, Tokyo). One hundred fifty-five of these samples are from individuals aged 25-65 years, and 20 are from individuals over 65. For the phenotypic analysis on PBMC (see below), the ages of the individuals studied are as follows: A138A common variant controls, 31, 28, 37, and 27; A138G heterozygotes, 27 Denaturing High-Performance Liquid Chromatography (DHPLC) and Sequencing. Genomic DNA was amplified by PCR by using the following primers flanking the relevant exons: ex4 forward (5Ј-CATATTTATTTTGTCCTTCTCCCA-3Ј), ex4 reverse (5Ј-GTGCAGA A ATGCAGGA A AT-3Ј), ex6 forward (5Ј-GGAGAAGTGCTTGAAGATT-3Ј), and ex6 reverse (5Ј-GTGCCAGATATTATTTGTAGG-3Ј), generating fragments of 384 and 372 bp, respectively. A two-stage, 34-cycle PCR was performed, with an initial 10-min denaturation at 95°C, then 14 cycles of 30 s at 95°C, 30 s at 61.5°C, and 30 s at 72°C, followed by 20 cycles of 30 s at 95°C, 30 s of annealing at 54°C for exon 4 and 58°C for exon 6, 30 s at 72°C, and a final 6-min extension at 72°C. PCRs were performed in a volume of 50 l, containing 10 pmol of each primer, 200 M dNTP, 2.5 mM MgCl 2 , and 0.5 units of AmpliTaq Gold (Perkin-Elmer) in 1ϫ KCl PerkinElmer buffer II. Two microliters of the PCR product was resolved on 2% agarose to test product size, and the remaining product was denatured for 4 min at 95°C, followed by 42 cycles of 1 min at 95°C, dropping by 1.6°C per cycle to 28.8°C to hybridize. Products were run on the DHPLC machine (WAVE, Transgenomic, Crewe, U.K.). Purified PCR products were subjected to automated sequencing by using the same primers as for DHPLC.
Amplification Refractory Mutation System (ARMS) PCR. To detect carriers of the exon 4 C77G and exon 6 A138G mutations, we used ARMS PCR with two separate reaction mixes containing one forward primer and one of the two reverse primers. For exon 4 the original forward primer was used (5Ј-CATATTTATTT-TGTCCTTCTCCCA-3Ј), amplifying both the wild-type and variant alleles. The reverse primer, ex4 rev A (5Ј-GAAAGTT-TCCACGAACGG-3Ј), amplified only the wild-type allele, whereas ex4 rev B (5Ј-GAAAGTTTCCACGAACGC-3Ј) amplified only the variant allele. Similarly, for exon 6 the original forward primer (5Ј-GGAGAAGTGCTTGAAGATT-3Ј) and ex6 rev A (5Ј-CGTATCAGTCTGGACTCCA-3Ј) amplified the wild-type allele, whereas ex6 rev B (5Ј-CGTATCAGTCTG-GACTCCG-3Ј) amplified the mutant allele only. Annealing temperatures were 56°C for C77G and 60.5°C for A138G. ARMS PCR products were resolved by alkaline-mediated differential integration (17) . Samples were quantitated on a Fluorostar plate reader (BMG Labtechnologies, Offenburg, Germany). A random subset of samples was checked on 2% agarose gel.
RT-PCR. Total RNA was extracted from PBMC, before and after stimulation with phytohemagglutinin, by using Tri-Reagent (Sigma). First-strand cDNA synthesis was performed using random hexadeoxynucleotide primers and the First-Strand cDNA Synthesis kit (Amersham Biosciences). The CD45 cDNA was amplified by using primers spanning the alternatively spliced CD45 exons: ex2 forward 5Ј-CGAAGCTTGCTGTTTCTTAGGGA-CACG-3Ј and ex7 reverse 5Ј-GTGAATTCCAGAAGGGCT-CAGAGTGGT-3Ј. The PCR conditions for amplification of CD45 cDNA included a 4-min incubation at 94°C followed by 30 reaction cycles (1 min at 94°C, 1 min at 55°C, and 4 min at 72°C) and a final 16-min extension at 72°C. The PCR products were resolved on a Visigel Separation Matrix (Stratagene). Bands were quantitated by using QUALITY ONE software (Bio-Rad).
Flow Cytometric Analysis. PBMC were surface-stained with the following mAbs against human CD45 isoforms: CD45R0-phycoerythrin (PE) (clone UCHL1, PharMingen), CD45R0-f luorescein isothiocyanate (FITC) (clone UCHL1, PharMingen), CD45RB-FITC (clone PD7͞26, DAKO), CD45RB-PE (clone MT4, PharMingen), CD45RA-FITC (clone HI10, PharMingen), CD45RA-PE (clone 4KB5, DAKO), and allophycocyanin-conjugated CD3 (PharMingen). For CD45RC (clone YTH80.103, BioSource International, Camarillo, CA) analysis, a second layer of affinity-purified F(ab)Ј 2 goat anti-rat FITC or PE (Caltag-MedSystems, Silverstone, U.K.) was used. Isotypematched mAbs were used as controls. Ten thousand events per sample were collected on a FACSCalibur flow cytometer (Becton Dickinson) and analyzed by using WINMDI software (http:// facs.scripps.edu/software.html). For stimulation studies, PBMC were stimulated for 12 days with 1 g͞ml PHA-P (Sigma).
Results

Identification of a Point Mutation in Exon 6 of CD45 in Japanese and
Korean Populations. To examine the CD45 locus for polymorphisms, we used denaturing high-performance liquid chromatography to detect mutations in the alternatively spliced exons 4, 5, and 6 of CD45, followed by sequencing of the target individuals.
An A 3 G transversion at position 138 in exon 6 was found in Japanese samples. This A 3 G substitution located 7 bp before the splice donor site at the 3Ј end of exon 6, and it results in a threonine-to-alanine semiconservative amino acid change at position 47 of the CD45RC exon 6 (Fig. 1) . Thr-47 is a potential O-linked glycosylation site (18) , but it is also adjacent to an asparagine and forms part of a consensus flanking sequence for an N-linked site. Therefore, a substitution of this Thr may lead to changes in the glycosylation of the extracellular domain of the molecule.
We used amplification refractory mutation system PCR to detect the presence of the A138G variant (Table 1) , and we found 65 individuals of 175 Japanese samples that carried the variant allele, of which 9 were homozygotes for the G allele (allele frequency, 23.7%). The number of homozygotes was as expected according to the Hardy-Weinberg law. Note that the frequency of the A138G variant among the 49 Japanese patients with gynecological cancer was within the normal range (17 heterozygotes and 2 homozygotes), and the presence of the variant did not correlate with any distinctive clinical manifestation. The high frequency of this allele in the Japanese population was further confirmed by resequencing all individuals indicated as carrying the allele. We also found 7 heterozygotes of 48 Korean samples (allele frequency, 7.3%). No homozygotes have so far been found in this or other populations. The A138G variant was not detected in 209 Ugandan samples. We found 1 heterozygote of 181 United Kingdom samples and 1 of 72 Orkney samples. We also analyzed samples from Asia and found 6 A138G heterozygotes in 65 Tatars (from Kazan and the Crimea) but none in 74 Russians from Tashkent.
We further compared the distribution of exon 6 A138G and exon 4 C77G variants, the latter being the only described common polymorphism in CD45 causing abnormal CD45 splicing ( Table 1 ). The C77G variant was absent in samples from an African population (Ugandan), as has been shown (16), and was not detected among the Far Eastern Japanese and Korean populations. Interestingly, the exon 4 C77G variant was found at a higher frequency (3.5%) in the United Kingdom Orkney islands than elsewhere, but, as might be expected, no C77G homozygotes were found in the samples studied.
CD45 Isoform Expression on PBMC of Individuals with the Exon 6
A138G Variant. We next examined whether the A138G polymorphism affects CD45 isoform expression on the cell surface. Cryopreserved PBMC from four healthy A138G heterozygotes, four G138G homozygotes, and four common variant A138A homozygous controls were analyzed by f low cytometry. CD45RA, CD45RB, CD45RC, and CD45R0 antibodies were used to determine the expression of CD45 isoforms on these samples. There was a marked decrease in the proportion of cells expressing CD45RA and CD45RC or CD45RA and CD45RB isoforms in A138G-positive individuals, with homozygotes and heterozygotes showing similar changes (mean of 41.5% and 49.6% for CD45RAϩCD45RCϩ and 56.3% and 55.9% for CD45RAϩCD45RBϩ; Table 2 ) from the common variant controls (73.7% and 71.3% for CD45RAϩCD45RCϩ and CD45RAϩCD45RBϩ). This suggests a dominant effect on splicing of the A138G variant. There was a corresponding increase in CD45RAϪCD45RCϪ or CD45RAϪCD45RBϪ cells. Representative profiles are shown in Fig. 2A .
A138G individuals, whether heterozygous or homozygous, also have higher proportion of cells expressing CD45R0 in either the presence or absence of CD45RA and in the absence of CD45RC (Table 2 and Fig. 2B) . Thus, the effect of the variant on CD45R0 expression in the presence and absence of CD45RA appears dominant. In contrast, only A138G homozygotes had a higher proportion of cells expressing CD45R0 in association with CD45RC than either heterozygotes or controls (40.6% versus 13.4% in heterozygotes and 11.2% in controls), suggesting that in this context the A138G variant acts recessively.
After 12 days of stimulation with phytohemagglutinin, all of the CD3ϩ cells of the A138G homo-or heterozygous individuals showed very similar phenotypes to common variant control individuals with predominant expression of CD45R0 and CD45RB isoforms (data not shown).
No differences were observed in isoform expression on CD3-negative cells (data not shown).
Taken together, these data suggest that the exon 6 A138G carriers have fewer T cells expressing isoforms containing exons 4, 5, and 6 (naive phenotype cells) and have more activated CD45R0ϩ cells than the common variant CD45 controls. However, among A138G individuals, only homozygotes have more CD45R0ϩ cells that coexpress CD45RC. Effect on CD45 Splicing. Because of the dramatic changes in the proportions of T cells expressing CD45 isoforms in A138G carriers, we next wanted to establish whether the exon 6 A138G variant interferes with CD45 splicing. RT-PCR analysis was performed on PBMC before and after stimulation with phytohemagglutinin. No qualitative differences in the expression of CD45 isoforms were observed among the G138G homozygotes, the heterozygous A138G individuals, and the A138A controls at either time point (Fig. 3) . However, quantification of the intensity of the bands showed a significant difference in the level of CD45R0 transcripts, clearly demonstrating that splicing toward CD45R0 was increased in the mutated A138G gene when compared with the common variant. These results suggest that the effect of this polymorphism is quantitative rather than qualitative, with A138G carriers expressing more CD45R0 transcript compared with the controls.
Discussion
Here we describe a polymorphism in exon 6 A138G of the gene encoding CD45 (PTPRC) that results in a semiconservative amino acid substitution, Thr47Ala, in the extracellular domain of the CD45 molecule. This variant allele is present, with a relatively high frequency in Korean (7.3%) and Japanese (23.7%) populations, with 5.1% homozygous individuals for the G allele among the Japanese. Although a thorough phenotypic and functional analysis has not yet been performed on A138G individuals, our results so far indicate that the carriers of the A138G mutation have a higher proportion of CD45R0ϩ T cells and a decrease in naive phenotype T cells expressing A, B, and C isoforms.
The altered CD45 isoform expression is most likely caused by changes in alternative splicing, as shown by the increased levels of CD45R0 transcripts detected by RT-PCR in the A138G carriers. These findings are in agreement with earlier studies (19) showing that mutations of nucleotides 134-144 at the most 3Ј end of exon 6 resulted in mRNA that did not include exon 6 sequences. The exon 6 A138G mutation described here exerts a more subtle quantitative effect and does not induce complete splicing out of exon 6. It is plausible that, in a way similar to the model proposed by Tsai et al. (19) , the A138G substitution reduces the overall similarity of the splice site to the consensus Means and standard deviations of data expressed as the percentage of CD3ϩ T cells from four homozygote (G138G), four heterozygotes (A138G), and four homozygotes for the common variant (A138A) control individuals. sequence, resulting in a less efficient recognition by the spliceosome. Alternatively, the exon 6 A138G change may induce alterations in exon splicing by disrupting regulatory elements within the exon itself (20) . For example, the C77G polymorphism in exon 4 functions by disrupting an exon splicing silencer that normally represses the use of the 5Ј splice site of exon 4 (21) . Further studies using minigenes containing the mutation will be required to determine the precise mechanism for the altered CD45 expression in the A138G variant.
An alternative and more speculative explanation for the observed phenotypic differences of the PBMC of A138G carriers might be that the variant results in the expression of a structurally altered CD45 molecule. Thus, the A138G polymorphism results in the substitution of Thr47Ala, a potential glycosylation site for both O-and N-linked sugars, and may therefore change the reactivity with carbohydrate-dependent epitopes of anti-CD45 mAbs (22) . Changes in the glycosylation not only might change the interactions with anti-CD45 antibodies, but may have important implications for the function of the CD45, because the crucial contribution of carbohydrates to the regulation of CD45 isoform function has been documented. Several lectin-like molecules have been shown to bind to carbohydrates of CD45, among other ligands. These include CD22 (23), galectins (24) (25) (26) , mannose receptor (27) , and serum mannan-binding protein (28, 29) . The CD45 ectodomain has also been suggested to influence CD45 engagement in cis interactions with T cell antigen receptor, CD4, and CD8 (30) (31) (32) , but no direct binding between the CD45 ectodomain and another protein has been shown so far. Another proposed role for the CD45 extracellular domain is the regulation of dimerization, and there is evidence that CD45 forms dimers on the cell surface (33, 34) . These studies suggest that the structural differences caused by the A138G variant could affect the interactions of CD45 with potential ligands in cis and trans as well as dimerization between CD45 isoforms, and might have functional consequences for the immune response.
It is interesting that the exon 4 C77G and exon 6 A138G variants have quite different geographical distributions. This may suggest that the variants arose independently after the emigration of ancestral humans from Africa. The high frequency of the A138G variant in Japan suggests that it arose in the Far East, and its low frequency elsewhere would confirm this. The maintenance of these CD45 variants in different human populations, given their functional consequences, could be influenced by natural selection, e.g., with respect to differential resistance to infections. Further functional and disease-association studies may thus provide more convincing evidence for a selective effect, particularly of the A138G variant.
In Caucasoids the one polymorphism with an obvious phenotypic effect is the previously described C77G mutation in exon 4, which prevents normal splicing from high-molecular-weight (CD45RA) to low-molecular-weight (CD45R0) isoforms. We have previously shown that the frequency of the C77G variant allele in Northern Europe and North America is in the region of 0.85-1.6% and that it is absent in Africans (16) . The data presented here confirm the previously observed frequency in the United Kingdom (on a different set of United Kingdom samples) and the lack of this variant in African Ugandan populations (16) , and indicate a similar lack among the Far Eastern Japanese and Korean populations. It would be interesting to analyze whether the relatively high allele frequency in Orcadians is associated with the high incidence of multiple sclerosis in the Orkney Islands (35, 36) .
In summary, our results suggest that individuals with the A138G variant have an increased proportion of T cells with an activated͞effector phenotype, as determined by the increased proportion of CD45R0ϩ cells and reduced number of cells expressing the CD45 A, B, and C isoforms. The functional consequences of the mutation for immune responses remain to be elucidated. However, the altered CD45 expression may contribute to changes in interaction with potential ligands or homo-or heterodimerization of the CD45 isoforms. Xu and Weiss (34) recently proposed a model suggesting that expression of the CD45R0 isoform in activated cells shifts the equilibrium of cell-surface CD45 toward dimers and acts as a negative regulator, contributing to the cessation of the immune response. Increased expression of the CD45R0 isoforms caused by the A138G polymorphism would promote this negative regulation, resulting in a less vigorous immune response, which may reduce the risk of autoimmune disease in A138G carriers. Alternatively, the higher proportion of CD45R0ϩ cells may indicate that these individuals have a larger memory population and can make vigorous recall responses to pathogens. The high frequency of this allele in Japan and Korea may indicate that it confers a survival advantage and that functional and disease association studies are warranted.
